Our understanding of carbon (C) dynamics within savannas is very limited, especially how source/ sink dynamics are influenced by the resident biota. Previous measurements of epigeal termite mounds (termitaria), ubiquitous in many savannas, have shown that they are considerable point sources of soil carbon dioxide (CO 2 ), whereas CO 2 measurements collected outside the mounds were generally assumed to be independent of termite activity. However, no measurements were conducted along gradients away from the mounds to confirm this. We quantified daytime soil CO 2 emissions (soil respiration) along gradients from the center to 20 m from the mound edge in Serengeti National Park, and measured soil temperature/moisture, macro-invertebrate abundance, and vegetation height as variables potentially influencing these emissions. Further, we quantified how far into the savanna termitaria impact CO 2 emissions. As in other studies, we found the highest soil CO 2 fluxes at the termitaria-center and considerably lower fluxes in the surrounding savanna. Macro-invertebrate abundance was associated with the differences in emissions measured, whereas the other variables were not. The analysis of spatial autocorrelation revealed significantly lower fluxes between the termitaria edge and up to 9 m from the edge compared to the values measured at the termitaria-center and between 10 and 20 m from the termitaria edge. When extrapolating the emissions across the landscape our results suggest that the lower CO 2 emissions found between the edge and 9 m fully compensate for the high fluxes measured at the termitaria center. Consequently, our findings provide evidence that termitaria might influence the savanna C source-sink dynamics differently than previously thought.
INTRODUCTION
Savannas are most extensive in sub-Saharan Africa (tropical savannas), accounting for approximately 15 million km 2 of the total landmass (White and others 2000) . Despite the importance of savannas, our understanding of carbon (C) dynamics within these ecosystems is limited (Luo and Zhou 2006; Williams and others 2007; Merbold and others 2008; Ciais and others 2009) . Mineral soil C turnover rates, and therefore the amount of carbon dioxide (CO 2 ) released from the soil to the atmosphere, are a function of soil organic matter quality and quantity, micro-climate (temperature, moisture), physical properties (texture, bulk density), chemical properties (pH, C/nutrient concentrations), and biological properties (microbial biomass, composition, diversity, activity; for example, Kirschbaum 1995; Lomander and others 1998; Epstein and others 2002) . Thus, alteration of one or several of these parameters can influence rates of soil CO 2 emission.
Savannas are heterogeneous ecosystems in which fire, grazing by large herbivores and topographic gradients create spatial variability in soil texture and moisture, organic matter, above and belowground biomass and plant species richness (Du Toit and others 2003; Anderson and others 2008) . Within savanna ecosystems termites are important components of soil invertebrate communities (Wood and Sands 1978) and are considered to be ''ecosystem engineers'', which alter the flow of energy and nutrients (Jones and others 1994; Dangerfield and others 1998; Sugimoto and others 2000) . Consequently, termites are recognized as significant sources of heterogeneity within these ecosystems (for example, Glover and others 1965; Smith and Yeaton 1998; Palmer 2003; Jouquet and others 2005; Moe and others 2009; Sileshi and others 2010; Okullo and Moe 2012) . Nest construction by termites ranges from inconspicuous belowground chambers to large aboveground mounds, called termitaria. The soil associated with termitaria typically has lower soil bulk density and elevated mineral C, nitrogen, phosphorus, magnesium, calcium, and clay content compared to the soils in the savanna surrounding the termitaria (see review by Sileshi and others 2010 and references therein). Similarly, higher microbial biomass (Holt 1998) and different compositions of the nematode community (Cadet and others 2004) were detected in termitaria soil compared to the surrounding soil. The modifications of soil properties associated with termitaria, in turn, affect tree establishment and plant species composition and richness (see review by Sileshi and others 2010 and references therein), which ultimately alter the distribution of other vertebrate and invertebrate animal species (for example, Holdo and McDowell 2004; De Visser and others 2008; Brody and others 2010; Pringle and others 2010) .
Several field studies conducted in African savannas have shown that termite mounds are considerable point sources of soil CO 2 emissions (Seiler and others 1984; Kahlil and others 1990; Darlington and others 1997; Konaté and others 2003; Brü mmer and others 2009) . For example, Brü mmer and others (2009) measured on average 322 mg CO 2 -C per square meter termitaria per hour compared to only 100-157 mg CO 2 -C per square meter non-termite influenced soil, while Konaté and others (2003) reported roughly 16 lmol CO 2 m -2 s -1 released from termitaria with fungus combs compared to 9 lmol CO 2 m -2 s -1 from non-termite-influenced grassy savanna. However, little is known about how termites affect CO 2 fluxes from soils in the surrounding savanna, for example, in soils in proximity of the termitaria. Given that termites not only influence the area covered by the termitaria (small scale), but also influence soil and plant properties along gradients into the surrounding savanna (Sileshi and others 2010; Okullo and Moe 2012) , it is possible that termites impact soil CO 2 emissions at the termitaria and for several meters from the mound center into the savanna (intermediate scale). We are not aware of any studies, which have addressed the broader influence of termites on CO 2 fluxes by measuring emission gradients radiating from the center of the termitaria into the savanna. In addition, with the exception of two studies, one which quantified soil temperature (Kahlil and others 1990) and one that measured soil temperature/soil moisture (Brü mmer and others 2009), no attempts have been made to link the biotic and abiotic factors controlling CO 2 emissions on termitaria. Kahlil and others (1990) reported increasing termitaria emissions with increasing termitaria temperature. In contrast, the opposite findings were made in a West African savanna where Brü mmer and others (2009) measured lower termitaria fluxes when soil temperatures were over 32°C compared to fluxes at soil temperatures below 32°C. In addition, they reported termitaria fluxes to be correlated to soil moisture.
The main goal of our study was to quantify the pattern of soil CO 2 emissions associated with termite mounds in an African savanna ecosystem. We sought to address the hypothesis that termites, via potential ''off-mound'' influences within the savanna, may have greater effects on soil CO 2 emissions than previously thought. Therefore, we quantified the influence of termite mounds on soil CO 2 fluxes at the mound center (the termitaria itself) and along gradients from the mound center into the savanna. We measured underlying factors, which may control those fluxes-soil temperature, soil moisture, vegetation height, and macro-invertebrate abundance. Soil temperature and soil moisture are known to influence soil CO 2 emissions in general (Luo and Zhou 2006) . Vegetation height was measured as a proxy for general plant growing conditions and potential indicator for root biomass (therefore root respiration), whereas macro-invertebrate abundance was included as Ohashi and others (2007) hypothesized that respiration by soil inhabiting animals, in particular by macro-invertebrates, might be responsible for the variability in soil CO 2 emissions measured in tropical ecosystems. Furthermore, by quantifying the spatial pattern of soil respiration around the mounds we asked: how far into the savanna do the effects of termitaria on soil CO 2 emission extend?
MATERIALS AND METHODS

Study Area and Experimental Design
This study was conducted in Serengeti National Park, a semi-arid savanna that is characterized by large herds of migratory wildebeest (Connochaetes taurinus), Thomson's gazelle (Eudorcas thomsonii), and zebra (Equus quagga boehmi). The volcanic highlands to the southeast and Lake Victoria to the west create a strong ecological gradient that varies in elevation, rainfall, soil fertility, and woody species cover (Anderson and others 2008; Reed and others 2009) . The Serengeti has two characteristic wet seasons: the short rains, typically lasting from November to December and the long rains, typically starting in March and lasting until May (Norton-Griffiths and others 1975). Our study sites were located within an approximately 370 km 2 area located south of Seronera, in the Serengeti plains.
Within our study area, 28 termitaria were randomly selected for CO 2 measurements. We made no attempt to assess which termite species inhabited the mounds as, according to Sileshi and others (2010) , mounds can be inhabited and modified by several species through time. However, according to De Visser and others (2008) , who investigated trophic interactions among invertebrates in 14 termitaria in the same area, 64.3% of their mounds were inhabited by Odontotermes sp., 28.5% by Trinervitermes sp., and 7.1% by Macrotermes sp. The average distance between two neighboring study mounds was 2.5 km (minimum = 2.0 km; maximum = 4.6 km). The elevations of the mound locations ranged from 1,532 to 1,654 m a.s.l. and average annual precipitation from 714 to 792 mm per year (Table 1) . The mounds varied considerably in diameter (range 212-570 cm, average 405 cm) and height (36-127 cm, 84.5 cm; Table 1 ). Mound densities across the 28 locations-determined with the point-centered quarter methods (Greig-Smith 1983)-ranged widely, from 0.02 to 52.9 mounds ha -1 (average 4.48 mounds ha -1 , average distance between mounds 92.5 m).
At each mound, we randomly selected an ordinal direction (between 0°and 360°) and established a 20-m-long transect with its origin being at 1 m from the edge of the mound (defined as 0 m). Sample subplots (20 9 20 cm) were arranged at 1-m-interval along each transect. One 20 9 20-cm sampling subplot each was also established on top of the mound (center), and one at the edge of the mound resulting in a total of 23 subplots per mound. Fieldwork was conducted in November 2010 at the end of the dry and beginning of the wet season. As we were interested in spatial and not temporal patterns in soil CO 2 fluxes, the temporal component (that is, measuring several times throughout the day or throughout the year) was omitted. However, rain started to fall during our measurement campaign; therefore, the measurements obtained from the 28 mounds covered conditions before (18 mounds) and after the first rains (10 mounds). We did not specify this in our analyses as we found no differences in soil CO 2 emission patterns when repeating our measurements on eight mounds (originally measured during dry conditions) after observing rain storms in the respective areas (Appendix Figure A1 ). The only difference we found was that the fluxes were higher after the rain events (Appendix Figure A1 ). Mainly resident ungulates were grazing our sites at the time of the study as the migratory animals were still in the northern part of Serengeti.
Soil CO 2 Emission, Soil Temperature, Soil Moisture, and Vegetation Height Measurements
On each of the 28 mounds, we measured in situ CO 2 emissions with a 15-cm high 9 10-cm diameter (surface area 78.5 cm 2 ) PP-Systems SRC-1 soil respiration chamber (closed circuit) attached to a PP-System EGM-4 infrared gas analyzer (PP-Systems, Amesbury, Massachusetts, USA) at all the 23 subplot locations along the transects. The base of the chamber is equipped with a thin sharpened metal edge, which-when placed on the soilresults in a tight seal between soil surface and chamber. This eliminated the need for burying PVC collars for chamber placement prior to data collection. Measurements were conducted between 10.00 and 16.00 hrs. Plant material was removed with scissors where necessary at least 1 h prior to Soil CO 2 Emissions the measurements. Immediately after the CO 2 emission measurements, we determined soil temperature with a waterproof digital pocket thermometer (Barnstead International, Dubuque Iowa, USA) and soil moisture with a field-scout TDR-100 time domain reflectometer; (Spectrum Technologies, Plainfield, Illinois, USA) for the 0-10 cm mineral soil depth. In addition, vegetation height (cm) was measured at each location (prior to the removal of green plant material) as a proxy for general plant growing conditions (nutrients, water, herbivory, and so on).
Abundance of Soil Macro-invertebrates
Macro-invertebrate abundance was assessed after the CO 2 , temperature, moisture, and vegetation measurements by excavating a 20 9 20 9 20 cm (depth) soil monolith at all the subplots located at the mound edge and along the gradient (22 plots; center omitted to preserve the mounds) following the method of Anderson and Ingram (1989) . From the excavated soils, macro-invertebrates were hand-sorted (Dangerfield 1997; Lavelle and others 2003) on site for each sample separately. We defined macro-fauna as invertebrates with body length greater than 2-mm, counted the individuals and identified them to higher taxa (class, order/ subclass, and family). After identification and quantification all soil and the invertebrates were discarded at the site.
Statistical Analyses
We calculated the average CO 2 emission, soil temperature, soil moisture, vegetation height, and macro-invertebrate abundance for our mounds for each distance the measurements were taken. To assess relationships between the abiotic and biotic factors and the CO 2 emissions measured, we used the Pearson's correlation index. For these analyses the center measurements were, however, omitted. Data were not transformed as the normality and homogeneity criteria were met.
Further, we assessed how far into the savanna the soil CO 2 emissions were affected by the 
RESULTS
The average rate of soil CO 2 emissions at the center of the termite mounds was 1.91 ± 0.48 g CO 2 m
-2 h -1 , whereas measurements collected along the remainder of the transect gradient varied from 0.28 ± 0.05 to 0.43 ± 0.09 g CO 2 m
-2 h -1
( Figure 1A ). Soil temperature, soil moisture, vegetation height, and macro-invertebrate abundance ( Figure 1B -E) were also highly variable along this gradient. However, no statistically significant correlation was found between soil CO 2 emission and soil temperature, soil moisture, and vegetation height, respectively (Figure 2A-C) . Instead, soil CO 2 emissions were positively correlated with the abundance of soil macro-invertebrates ( Figure 2D) . A rich array of macro-invertebrates was sampled, with the most commonly observed groups being termites, ants, beetles, and centipedes (Appendix Table A1 ). In general, fewer macro-invertebrates were observed near termitarias and this was associated with lower soil CO 2 emissions near the mounds compared to distances farther away ( Figure 1E ). Spatial autocorrelation analyses (Mantel's test) revealed that the soil CO 2 fluxes were spatially correlated up to distances of 9 m from the termitaria edge (Figure 3 ), beyond which CO 2 fluxes were spatially independent of the termitaria itself. Indeed, the one-way ANOVA showed that average fluxes (center, edge to 9 m, 10-20 m) significantly differed from one another (df = 1, F = 8.67, p = 0.003, ) being higher then the average fluxes from the other two zones, but also the termitaria edge to 9 m (0.34 ± 0.02 g CO 2 m -2 h -1 ) being significantly lower than fluxes in the range of 10-20 m (0.38 ± 0.02 g CO 2 m -2 h -1 ; Figure 3 , inset).
When multiplying the center area (average mound diameter = 4.05 m; see Table 1 ) and all the 1-m-wide doughnut areas around the center with their respective CO 2 emissions measured, the savanna would release 3,795 g CO 2 ha
-1 h -1 with the mounds present (using mound densities of 4.48 mounds ha -1 ; see Table 1 ). The savanna without mounds would release an amount of 3,806 g CO 2 ha -1 h -1 when using an average soil CO 2 emission value obtained from the 10-20 m from the mounds (0.38 ± 0.02 g CO 2 m
-2 h -1 ); assuming that this value represents a rough estimate for savanna fluxes without mounds (for more detail see ''Discussion''). -2 h -1 ) were similar in magnitude to other published reports, we caution against direct comparison as the studies used different techniques. Brü mmer and others (2009) measured on average 1.64 g CO 2 m -2 h -1 per mound (n = 5) in West Africa and Seiler and others (1984) approximately 1.8 g CO 2 m
-2 h -1 on a mound in South Africa when covering the entire mound with large chambers. Kahlil and others (1990) taking air samples from inside the mounds (n = 52) reported mean annual fluxes of 1.6 g CO 2 m
-2 h -1 of Australian termite mounds, and Konaté and others (2003) conducting chamber-based measurements comparable to our approach measured between 1.4 and 3.0 g CO 2 m
-2 h -1 from termite mounds (without and with fungi-combs) in grassy, shrubby, and woody savanna in West Africa (n = 18).
Patterns of Soil CO 2 Fluxes Around Termite Mounds
When assessing the variation in soil CO 2 emissions from the termitaria into the surrounding savanna, we found that not soil temperature or soil moisture, but the abundance of macro-invertebrates were Soil CO 2 Emissions correlated with the variability of soil CO 2 fluxes: high fluxes were detected at high abundances of macro-invertebrates, low fluxes where the abundance of macro-invertebrates was low. Thus, our results suggest that respiration by macro-invertebrates likely contributed more to the emissions measured then decomposition processes. These results correspond to findings of Lavelle and others (1993) , who suggested that climatic factors likely would be less important for decomposition processes compared to the soil macro-fauna when reviewing the literature with regard to decomposition processes in tropical systems. Also Ohashi and others (2007) suggested that-in particular in tropical systems-macro-invertebrates rather than differences in the soil micro-climate could explain the heterogeneity of soil CO 2 fluxes (among them the occurrence of hot-spots) measured in the field. However, it should be noted that neither of these studies was related to termite mounds. Yet, it is known that termites can impact the soil fauna. For example, Cadet and others (2004) showed that termitaria flattened by plowing in sugar cane fields (so called isiduli) held higher numbers and another community of nematodes then the surrounding soil. Thus, it is possible that termites, either directly or indirectly by modifying the soil environment around their mounds impact the abundance of macro-invertebrates. These changes could, in turn, either directly or indirectly be responsible for the patterns in soil CO 2 emissions found in our study. More specifically, three explanations seem possible: (1) lower abundances of macro-invertebrates resulted in lower total macro-invertebrate respiration and therefore in lower soil fluxes. This was, for example, shown by Tripathi and others (2009) who reported that differences in soil respiration were related to differences in soil fauna population size in pastureland in the northwestern dry region of India. Also Jamali and others (2011) found a strong correlation between termite biomass and CO 2 emissions in an incubation experiment. (2) Lavelle and others (1993) suggested that decomposition-and therefore the release of soil CO 2 emission-is regulated by three components: the resource to be decomposed, the microorganisms responsible for the chemical transformation of the resource, and the macroorganisms which create suitable conditions for decomposition by microorganisms. Thus, it is possible that not only macro- invertebrate respiration was lower on plots with lower macro-invertebrate abundance but also that these plots featured less suitable conditions for soil microorganisms resulting in lower decomposition and therefore the lower soil CO 2 fluxes. (3) Lower abundance of soil macro-invertebrates not only led to lower total respiration, but also to lower soil macro-pore density and therefore reduced diffusion of soil CO 2 from the soil matrix as the diffusion of CO 2 is strongly related to the porosity of the soil (see for example , Marshall 1957; Millington 1959) .
Alternatively to these three (biological) explanations for the spatial variation in CO 2 fluxes observed discussed above, it is possible that directional air flows associated with the mound architecture (ventilation system) might have contributed to the observed patterns: under this hypothesis air and therefore CO 2 may be drawn in from the soil of the edge to 9-m zone and released through the mound center resulting in decreased emissions in a ring around the mound. Such air flows have been reported by several authors (for an overview see Korb 2003 or Worall 2011 and generally three different mechanisms have been proposed in the literature: (1) the air flow originates from temperature differences inside and outside of the mounds (thermal-convection) resulting in the mound acting as a ''thermosiphon'' with air flowing from the edges of the mound to and out of the center (see for example, Lü scher 1955) . (2) The air flow is a phenomena of windinduced ventilation where (i) higher wind speed and lower air pressure on top of the mounds compared to the channels located on the side of the termitaria results in ''sucking'' the air from the mound base through the mound openings (Bernoulli's law; see for example, Vogel and Bretz 1972; Kleineidam and others 2001) or (ii) the stagnant air is ''dragged'' from the tunnels by sheer stress (viscous dragging) and released through the central mound opening (for example, Darlington and others 1997; Kleineidam and others 2001) . (3) More recently it has been proposed that the gas flow originates from interactions among the mound, wind, and differences in the buoyancy of the air due to the metabolic output of termites and their associated fungi (for example, Turner 2001) .
However, all authors that reported about these air flows worked on the mound themselves comparing in-and outflows of gases between the top of the mound and mound walls or tunnels/channels in the walls. We are not aware of any study that would have investigated the air flow between the mound center and the surrounding of the mounds, thus, it is not clear whether such phenomena exist on larger scales-such as in our case-between the edge to 9-m zone and the mound center. The fact that-according to Darlington (1982) who excavated underground termite passages around one termite mound inhabited by Macrotermes michaelseni in Kenya-the surroundings of the mound can be divided into (1) the inner zone characterized by underlying deep radial termite passages that extends up to 10 m from the termitaria, (2) the main foraging zone characterized by underground passages extending out to 40 m, and (3) the peripheral zone characterized by only small passages eventually ending blind extending out to 50 m indicates that many channels/tunnels exist in the zone where we found lower soil CO 2 fluxes. Consequently, airflows from the inner zone to the center of the mound associated with the underground passages might exist and provide an additional explanation for our patterns. Yet, this topic remains to be studied.
In summary, both biological (macro-invertebrate abundance) and physical (thermoregulation and ventilation) mechanisms could be responsible for the pattern in soil CO 2 emission found around our mounds during daytime when our measurements were conducted. Naturally, we do not know whether the same pattern would be found at night, as we did not collect any nighttime measurements. However, in other studies higher CO 2 emissions were measured on top of mounds during nighttime compared to daytime, which would suggest that the patterns we observed in our study might be identically directed but even more extreme at night (for example, Darlington and others 1997; Korb and Linsenmair 2000) .
Extrapolation of Fluxes Across the Landscape
When extrapolating the fluxes across the landscape based on the spatial patterns detected we found-in contrast to our a priori hypothesis-that soil CO 2 emissions of termite mounds only represented hotspots at the center of the mound whereas when including the surroundings of the mounds into the calculations, high soil CO 2 emissions from the mound center would be compensated by lower emissions from the surroundings. Naturally, these values are only valid for the constrained study area and for the time of the day our measurements were conducted. We do not have measurements for CO 2 fluxes of non-termite influenced savanna as-based on Darlington's (1982) findings-none of the area covered in our study would feature nontermite-influenced savanna given that the average distance between our mounds corresponded to 92.5 m. Collecting measurements in areas without termite mounds in the larger surrounding of Serengeti might have been possible, but we doubt that these measurements would represent accurate means of comparison as soil and vegetation properties might considerably differ from our study area with numerous termite mounds. Further, we do not know whether our findings would hold when measurements are conducted over several seasons as our sampling was only conducted during a constrained period. It is known that termitaria fluxes considerably differed between seasons, with higher fluxes during wet periods when termite biomass was higher compared to dry periods when fewer termites were found (Brü mmer and others 2009; Jamali and others 2011). Such a pattern would also be expected in Serengeti as we found higher soil CO 2 respiration after rain events compared to measurements taken during dry conditions. Unfortunately neither Brü mmer and others (2009) nor Jamali and others (2011) conducted measurements along gradients in the surroundings of the mounds. Thus, in a next step, the collection of diurnal and seasonal measurements along gradients from the termitaria into the savanna would be beneficial to assess whether our findings-that the high center fluxes originating from termitaria are compensated by lower fluxes released from the inner zone-would hold in general and over the entire span of a year.
We found only two other studies that extrapolated mound fluxes to the landscape level. Brü mmer and others (2009) calculated total CO 2 emissions based on point sources (mound fluxes) for the West African savanna of Burkina Faso. They estimated that termite mounds covered less than 1% of the area and therefore contributed only marginally to the total soil CO 2 emissions of the system. However, they did not assess how far into the savanna the termites affected the fluxes. Also Konaté and others (2003) extrapolated point source fluxes from the mounds to the landscape level and estimated that mounds cover 3-5% of the Ivory Coast savanna they worked in. Given the much lower emissions measured in the surrounding savanna compared to the termite mounds, they concluded that the fluxes released from the mounds represented 4.9% of the total aboveground net primary production of the system.
In contrast to Konaté and others (2003) our results provide, however, some first evidence that when including the surroundings of the termitaria these features likely do not represent hot-spots of soil CO 2 fluxes at the landscape level as the high center fluxes were compensated by the lower fluxes measured in the immediate surroundings of the mounds. Thus, our findings suggest that termitaria might play a different role in soil CO 2 cycling in savanna systems than previously thought and that our current knowledge of sink-source dynamics within these systems might not yet be sufficient to accurately model C emissions within them. Whether the same holds true for the emissions of other greenhouse gases, such as methane (CH 4 ) that seemed to be correlated with CO 2 when measured in association with termite mounds (see for example, Kahlil and others 1990; Brü mmer and others 2009 ), remains to be tested.
ACKNOWLEDGMENTS
We would like to thank Deusdedith Rugemalila and Reginald Phirmin Sukums for their help during fieldwork and Otto Wildi for his help with the spatial analysis of the data. Two anonymous reviewers, Mizue Ohashi and Martin F. Jurgensen provided critical input into earlier versions of this manuscript. This study was funded by the Swiss Federal Institute for Forest, Snow and Landscape Research and conducted in compliance with the current laws of Tanzania.
